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Abstract

This research evaluates the economics of a hylaweep plant consisting of an off-shore
wind power farm and a hydrogen production-storaggesn in the French region Pays de la
Loire. It evaluates the concept of H2 mix-usage @ote-X, where X stands for the energy
product that hydrogen can substitute such as gasyland electricity. Results show that a
complex H2 mix-usage design would increase investngest in too many infrastructure
components and would significantly decrease thétprdresizing the project would result in
providing two energy products only, such as powepdwer and power-to-gas or
alternatively power-to-mobility and power-to-gasvéees. Hydrogen production costs of
selected projects would range between 4 and 1@ @&/lIH2 as a function of the application
type, of oil and gas prices and of expectationfidher reduction in the electrolyser and fuel
cell investment cost.

Keywords: off-shore wind, hydrogen, power-to-X multi-produasage, optimal sizing,
France

1. Introduction

Development of hydrogen production and storage émerged worldwide with the
increasing prices of oil and gas, with renewablergy deployment and concerns over the
climate change and security of energy supply. Cleainogen could reduce carbon emissions,
in substitution to coal, gas and oil, and coulduadthe local pollution from road traffic as
well (UNEP, 2006). Hydrogen could support the iné¢ign of intermittent renewables, by
avoiding power curtailment, electricity grid congges and by improving the system
reliability in remote areas (Aguado and Ayerbe, 20orps and Greiner, 2008).

In Europe, the Fuel Cells and Hydrogen Joint Tetdglnitiative has been launched in
2008 as a public private partnership aiming to lecage the market introduction of hydrogen
technologies by supporting research, development demonstration activities.Among
European Union Member States, Germany, Spain, UKFmance have developed various
pilot plants of hydrogen production and storage;do international review of hydrogen pilot
plants see Gahleitner (2013). In France, the naltidssociation for Hydrogen and Fuel Cells
has been created in 1998 for supporting the dexwsop of hydrogen technologies and fuel
cells? At a regional level, in the French region Payslaeloire, the initiativeMission
Hydrogénehas been launched since 2005 demonstrator prajadtydrogen uses for marine
and fluvial applications.
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Hydrogen can be used to produce electricity (pawgyewer), it can be injected into the
natural gas pipeline network (power-to-gas), it ¢ael a natural gas power plant or the
production of second generation biofuels (poweftdtd), and it can be used as a fuel in
transportation (power-to-mobility). This researcévelops the concept of power-to-X and
evaluates to what extent revenue sources couleéaser from multiple hydrogen usage on
different energy market segments.

The research on the economics of hydrogen shoverelit perspectives for the market
development, based on different cost ranges. Tharatlvcost of hydrogen includes the
hydrogen conditioning, compression, storage anttildigion. Hydrogen technologies have
high investment costs and also high energy lossgaglpower to hydrogen and hydrogen to
power conversions. Moreover, when combined witlerimittent renewables, the technical
lifetime of the electrolyser can be further redu¢sargensen and Ropenus, 2008).

The hydrogen cost varies from 5 €/kg to 30 €/kgH@f as a function of the size of the
equipment. A large-scale hydrogen plant could redhcs cost at 3 €/kg of H2 produced for
an electricity cost of 40€/MWh (CEA, 2012). The mimsportant cost part is the fixed cost of
investment. As for variable cost, the most impdrtamponent of the production chain is the
cost of the electricity input.

This research investigates a case where the posest 10 generate the hydrogen comes
from renewable energy and it is infed at zero cddtis translates into a contractual
arrangement which is hybrid system-specific, wheetivo operators, wind and hydrogen,
share their costs and benefits. The economic evahust based on the optimal operation of
wind power and hydrogen production by means of madyc optimization model which
maximizes incomes on the market. A set of technodgand economic constraints apply,
from both demand and supply sides. The potentiatashel for hydrogen is estimated with
hydrogen as a substitute for primary and seconelagygy sources: natural gas, electricity and
fuel for marine and road transportation. On thepbugide, constraints are mainly the wind
profile and the available power to generate therdwyen. At equilibrium, the issue is to
constantly match the intermittency of wind powethathe continuous demand for hydrogen
in a case of fixed commitment with refueling staidor cars and fishing vessels.

The remaining paper is organized as follows. Thatiee 2 describes the study case and
the database, the section 3 details the model ales@land the section 4 discusses the results
and the policy implications. The concluding remask®w under what conditions hydrogen
storage may be viable as a future investment optmrhelp managing systems with
intermittent renewable generation and to substitueescarce and carbon-emitting fuels such
as gas and oil.

2. Study case

2.1 Description of the infrastructure

Within its National Renewable Energy Action Plamaice has committed to achieve a
23% share of energy generated by renewables ifind energy consumption by 2020
(NREAP, 2009). Among energies from marine souroéfsshore wind power will represent
around 6 000 MW, the equivalent of 1 200 wind tndsi to be installed off the French coast.

The study case considers an off-shore wind powen fiastalled in the area of Saint-
Nazaire, a French region with large off-shore wiptdential and no grid interconnections to
other countries. The base case assumes the labedaployment of off-shore wind turbines
of 1 GW by 2030, and the development of hydrogen farl cells as a technical support to



the wind power integration. This is a hypothetipabject where a storage facility is built
close to the offshore wind farm that is connectedhe rest of the power system via a
dedicated transmission line. The study investigakes way to design the wind-storage-
transmission system within the strategy to avoml whind power curtailment due to limited
grid line capacity. The power can be transmittedh® grid by either the wind plant or the
storage-fuel cell component of the hybrid plant.

The hydrogen power plant consists of a polymertelgde membrane electrolyser, which
is a suitable technology for intermittent energwrses, and two compressors with high
pressures of 200 bars and 700 bars for power-teep@and power-to-mobility applications
respectively. Compressed hydrogen is suppliedaayds network or to storage tanks adapted
to each pressure type (200 bars and 700 bars)adxikary equipment includes also a fuel
cell for electricity generation supplied to thedbgrid. Efficiency rates are reported in Table
2 along with the cost structure of components.

2.2 Wind power potential

The wind farm consists of more than 88liade™150-6MWturbines. The database of the
wind power potential consists of data provided lwyeather station in 2013, which is located
40 km from the wind farm, on Belle-lle Island, at @titude of 34 m. The data is collected at
hourly step and relates to the wind speed, temperatelative humidity and air pressure.
Wind data is adjusted for an altitude of 100 m esponding to the hub height of each
machine. Considering the physical limitations ofneviavailability, energy conversion,
component efficiencies and mechanical lossesah¢apacity factor of 36% is obtained.

The next part analyses the intermittency of theoresy wind power potential. The first
graph compares two sets of hourly wind power geimeralata for the month of January: the
blue line represents the potential production ef dffshore wind power cluster, whereas the
red line shows the actual electricity generatio@0A4.3 by all the onshore wind farms installed
in France. While it is possible to have no offshelectricity generation in the study case, the
onshore production is always positive due to uretated wind profiles at a national level.
This comparison shows that the off-shore regioo&kmtial displays more intermittency, both
in frequency and in amplitude, than the on-shorgregated wind power flow, justifying
therefore the need for back-up or storage capacifé a national level, it is the residual
intermittency, defined as the remaining fluctuatogput that cannot be transported by the
grid line, which may endanger the network stabiiitgrefore.

Graph 1. Fluctuation of effective on-shore wind powand potential off-shore wind power

Effective on-shore wind power generation versus potential off-shore wind power
during one month (01.01 - 31.01)
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The wind excess which cannot be transported bygtiikis represented for one month in
the graph below. Variable electricity generationtlhg offshore wind power cluster is plotted
against the existing grid capacity in the westeant pf Pays de la Loire. All the power
generation above 450 MW represents a surplus asudt rof transmission line congestion.
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Calculations show a potential 35% wind power clmtant out of the total wind potential
which could be used instead for hydrogen production

Graph 2. The potential wind power and the gridgraission line
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Project sizing consists of optimizing the wind-hygen production and storage capacity
that matches the power and hydrogen demand unddinidgncial investment constraint and
the infrastructure size. The experience with thdrbgen pilot-plants shows that the design
and sizing, control and system integration of hgero plants have a great influence on their
overall efficiency, reliability and economics (Gaither, 2013).

3. Methodology

A dynamic optimization model is built to maximizeetincomes of the wind power and
hydrogen on the market, under technical and econaamstraints of the wind inflow, the
transmission grid line and the installed capacitwimd and hydrogen plants.

3.1 The model

The computational model simulates the operation wahd power and hydrogen
applications on the market. This is done by medrs single unit dispatch dynamic model,
which optimizes the hourly operation of the elagityi generation and storage over a year,
given its technical constraints. Details of the elazhn be found in the Annex 1. The model is
deterministic and aims to maximize the annual valiuthe wind-hydrogen, i.e. revenues less
operating costs, given exogenous hourly power,andl gas prices, and the hourly wind
potential. As a price taker, the storage does mibdence wholesale electricity prices. The
hybrid power system operates in optimal market ¢mm$ and of perfect information on the
power price over one year. Market conditions afendd with respect to value drivers such as
the evolution of the spread of wholesale eleciripiices between peak and off-peak periods,
and the share of the storage capacity sold oreferve market.

The model reports whether investing in the hybriddahydrogen system would be cost
effective in the base case scenario. Investmewtnd and hydrogen is not a decision variable
in the model. Rather the plant capacity availablspecified exogenously. The economics of
the project is assessed by calculating a uniformiVé€h value of the hybrid plant over its
economic lifetime, that is the net present valuB\INindicator.

T_[(REV, — COST,)/(1 + 1)t] — INV,

TAEG/(1+1)1]
where t is the year, T the economic life in ye&EV the annual revenue from the sale of
energy and ancillary services, COST is the annasi of operation including the electricity
cost if any and the variable operational and maemee cost incurred as a result of

NPV =



performing normal generation cycles, 1IN the total investment cost, EG is the annual
electricity sold on the market, and r is the distaate.

The NPV indicator is calculated as the differenetneen the present value of the cash
inflows and outflows during the project’s econortife, and the investment cost, divided by
the plant’s discounted net generated electricity.

Revenues streams are from the energy provisiomdonholesale market and from the
reserve and power provision to the system. The egadé market price is endogenously
computed in a separate multi-unit power plant didgag model described in Loisel (2012).
For reserve remuneration, it is considered thay tetiary reserve is supplied and it paid at
fixed prices of 18.12 € by MW by hour for the capaand of 10.43 € by MWh for the
energy delivered

Costs are considered in terms of their variablefargdl components, and are presented in
the Table 2. Variable costs account for the powghdrawn from the grid, and the variable
costs of the system operation. Fixed costs accéamtthe fixed annual operating and
maintenance costs, and for the investment costestment costs are annuitized, taking
account of economic lifetime, the construction tiamel the discount rate.

3.2 Scenarios in 2030

The main assumptions made in the scenarios for g83flion 3.2.1) concern the energy
demand (3.2.2), the cost structure (3.2.3) angbtioe evolution (3.2.4).

3.2.1 Scenarios description

Several scenarios are built for the 2030 horizesuming different architectures of the
hydrogen system design as a function of the engpglications which are covered:

1. A first scenario assumes a complex system pow&r-tovering all power, gas and
fuel applicationsSCE_H2-to-X

2. A second scenario assumes that only one applicetidane, in order to evaluate cost
and benefits for one market segment o8 8E_PowerSCE_GasSCE_Fuel

3. Combinations of applications are also done in ortterdiversify the supply,
SCE_PowerGasSCE_FuelGasA third combination would be possible, consistofgH2-to-
power and H2-to-fuel applications, but the infrasture would be too heavy, since it would
need both types of compressors and storage tank8Qdars and at 700 bars as well.

4. For comparison purposes, it is tested the caseenther power used to produce the
hydrogen is withdrawn from the local gri8CE_H2only The power fed into the electrolyser
has a cost in this case, which is the market p@nee. This case makes the contrast with the
wind power used to generate the hydrogen gaséder fr

5. ltis also tested the case where the wind powerabpeacts alone, without the support
of the hydrogen production and storage pl&@E_Wind_only

3.2.2. The energy demand
The Table 1 summarizes the assumptions on the defoahydrogen by energy type.
Table 1. Demand for hydrogen by market type

® http://clients.rte-france.com/htm/fr/offre/telechaf20140101_Regles_SSY_approuvees.pdf
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Demand t H2
Usage during one year | Assumptions
Power to Power No fixed demand | Hourly constrained by the grid dagacity (450 MW)
Power to Gas No fixed demand | Hourly constrained by the pipelapacity
Power to Road 117 The gas station supplies 300 vehicles and &buse
Power to Shipping 102 The refueling station supplies 18 small boats3ahig capacity ships,
with autonomy of 24 h and 48 h respectively.

Demand for bus and vehicle refueling stationsThe refueling station supplies at a
regularly basis 300 cars and 6 buses. The demanldyfirogen is estimated based on the
assumptions that the yearly distance covered bgrascl0 000 km and that 1 kg of H2 is
required to drive 100 km. This means a daily demain@ 32 kg H2 for a car, and of 37.5 kg
H2 for a fuel cell bus (Le Duigou et al., 2011).eTsupply of refuelling station is a fixed
commitment which occurs every three days at 1molcam, by means of adapted trucks.

Demand for maritime fueling stations. It is assumed that 21 boats refuel at the
hydrogen station. There are two ship types, smadl big, which implies more or less
autonomy and therefore a different frequency féuekng. Small boats needs 24 hours fuel
autonomy, while big boats need fuel charging fohd8rs. Small vessels refuel every day and
it is assumed that the refueling station plannirayiges three timelines during the day to fuel
all the 18 small boats, at 8 am, at 4 pm and aprh2 The remaining 3 boats have a large
reservoir capacity and they refuel every 48 howith a refueling planning, every 16 hours,
one big capacity is refueled at shipping refuebtagion in this study case.

Demand for power. There is no fix commitment to supply the power nefrki2-to-
power is instead price responsive: the hydrogérarsformed into power when the electricity
price is high under the constraint that enough ogen is compressed and stored well in
advance. Since the power demand is large enouglregional, national and even European
level by 2030, there is no constraint set on thepsuof H2-to-power vector. The only
constraint is the limit of the grid line which hestransport the electricity from the fuel cell
device to the system operator; this sets an haumhgtraint on the power delivery, which is
the nominal capacity of the grid of 450 MW.

Demand for gas.With increased energy markets liberalisation in Eugopean Union,
less long-term contracts for gas are assumed teffbetive by 2030, and that they will be
replaced by spot short-term transactions. Similavith the H2-to-power supply, no fix
commitment is assumed in the case of H2-to-gasrithhe limit fixed however is the
physical capacity of the pipeline which can carng tgas during one hour, such as the
hydrogen could be transported and sold on the rmarke

3.2.3. Hydrogen and wind cost assumptions
The Table X report the main cost assumptions fath baff-shore wind power and

hydrogen plants.

Table 2. Cost and efficiency specifications of wmgirogen technology components



Investment Efficiency,

Technology cost, €MW %

Wind plant 2 000 000 99%
PEM Electrolyser 2 000 000 65%
Compressor 200 bars 2000000 91%
Compressor 700 bars 2200000 85%
Storage 200 bars 1 000 00d 90%
Storage 700 bars 2 000 00d 90%
Fuel cell 1 000 000 55%

Source: Ademe (2013), Menanteau et al. (2010)

Cost structures are issued from various studieb waist estimates for each technology
component. For instance, the global system for pdespower application includes an
electrolyser, a compressor with pressure of 206, lzastorage tank at 200 bars and a fuel cell;
the round trip efficiency is of 29%, reflecting inoped performances compared to the current
available technologies, of around 25%.

3.2.4. Energy price evolution

Revenue streams of wind-hydrogen plant are frortingethe power on the wholesale
market and to the power reserve market, and frdiimgehe pure hydrogen to the natural gas
market at the market price of natural gas, ancheohydrogen refueling stations at the oll
market price.

The hourly wholesale spot prices in 2030 are ddrifrem a power plant dispatching
model run for the French power system in the y€802 see a description of the model in
Loisel (2012). For our analysis, we assume thatstbeage operator is a price taker in the
wholesale market and that the plant is sufficieathall so as not to affect prices.

The oil and gas prices are documented from thertrepo the European Commission
(2013) on energy trends by 2050. Their variatiogs2B30 could be considered as being
optimistically low as compared to other price potjgns; see for instance the EIA report
(2013). Hence sensitivity tests are conductedHerd@conomics of hydrogen with concern to
energy price variation (section 4.3).

Graph3. Fossil fuel import prices
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4. Result analysis

4.1. Optimal sizing of the infrastructure

The Table 3 reports the optimal design of the hgdroplant for a given wind farm
installed capacity and a transmission grid linee @ata for each system component arise from
our simulations. The electrolyser, the compresab)0 and 700 bars, and the corresponding
storage and fuel cell capacities are chosen so aseet fixed fuel demand and to obtain
maximum profitability for the entire system. Becausf very high investment costs,
component oversizing is avoided. Excess wind etggtigeneration can be absorbed in order
to reduce grid congestion, but this is not the cbje function.

Table 3. Optimal size of the hydrogen plant by scen

Scenario
Mix usage Single application Two applications
H2-to- H2-to-
H2-to-X  H2 only ';i\:;r Hé;g Hquéol Gas, H2-| Gas, H2-
MW to-Power| to-Fuel
Wind plant 1000 1000 1000 10p0  1QO00 1000 1000
Electrolyser 170 170 100 130 1,1 17( 170
Compressor 200 bafs 80 80 80 - 1 80 -
Compressor 700 bafs 1,2 1,2 - - 1.2 - 1,2
Storage 200 bars 900 900 900 - - 900 -
Storage 700 bars 200 200 - - 20( (0 20(
Fuel cell 50 5 5D - - o) -

Results show that the wind power curtailment avgdian be low in some simulations,
about one third from the total excess. The inglaktorage capacity and the hydrogen
production could not reduce the wind power curtaittnfurther, due to limited capacity to
store the hydrogen. It should be noted that whemwtimd power is in excess, the hydrogen
storage cannot discharge the power loaded sinceahemission line is used at its maximum
capacity by the wind farm. The wind excess is rdedrduring several consecutive hours, and
the storage capacity attains its filling limit veqpyickly.

The possibility to discharge the storage or to poedhydrogen during the period of wind
excess could be limited by a temporary absenceeafathd for hydrogen as fuel, by the
limited capacity of the gas pipeline or the conigesbf the electrical transmission line. The
power-to-power application occurs under the doudedition that the transmission line is
available and that the system needs additional powe

These constraints together with the transmissioe lsharing condition, restrain the
charging factor to 47% over the year for the etdgsrer, to 62% of the compressor at 200
bars (77% at 700 bars), to 51% and 48% of the gtor@ 200 bars and at 700 bars
respectively, and at 55% of the fuel cells.

4.2. Model results

The next table records the results obtained in geodn profitability for all scenarios
considered. For interpreting the economics of mtsjewhen the NPV indicator equals zero,
the stream of income enables the investor to exaetiover the project’s investment costs
during the economic lifetime of the project. A negavalue for the NPV indicator shows the
additional value required for each unit of genatagdectricity in order for the investor to
exactly recover the project’s investment and fimagcosts (also called thmissing monegy
A positive value for the NPV indicator would showat the project makes an economic profit
over its economic lifetime.



Table 4. Results of model simulations, by sceniar2030

Scenario
Mix usage Single application Two applications

. H2-to- H2-to-Gas, | H2-to-Gas,
Results, 2030 Wind_only| H2-to-X H2only Power H2-to-Gas | H2-to-Fuel Ho-to-Power | H2-to-Fuel
Wind power generation, GWh 2123 1931 2103 2015 2124 2124 1934 2121
Wind to H2, GWh - 800 480 - 499 - 0 -
Withdrawal, GWh - 361 542 377 - 10 355 6
Production of H2, t - 20911 18402 | 14387 8 981 276 20 731 11 096
Potential curtailment, GWh 963
Awided curtailment, GWh 0 608 460 314 499 958 356 356
NPV, € MWh -40 -114 -305 -102 -25 -64 -93 -46
Cost Wind-H2, €/ MWh - 199 - 186 118 154 178 139
Cost of H2, €/kg - 12 45,5 6,2 3,9 51 5,9 4,6

None of the project is economically viable undex #ssumptions set in our study case,
since the indicator of the NPV is overall negatigespite optimization of the operation and
sizing. The comparison of different scenarios shtived the highest loss is recorded in the
caseSCE_H2onlysince the operator should pay for the electricdgsumed for the hydrogen
production. The second worst economic case is tixeusage wind-hydrogen hybrid plant,
due to the high investment cost of all the hydroggstem components. Cumulating hydrogen
utilisation vectors which do not use the same @edefrastructure harms the viability of the
project. For instance, the H2-to-Gas applicatiohicv has the best NPV result, is using the
existing transport-distribution-storage infrasturet of the natural gas and hence has limited
infrastructure costs; for the other applicatiordgitional investments are needed for auxiliary
equipment.

This is why the application H2-to-gas, using ortlg Electrolyser equipment, is easy to
combine with other application such as H2-to-powad H2-to-fuel. As a reminder, the
demand for gas is not fixed since it concerns fiue yarket and not the supply of a particular
power plant, which would instead constrain the patidn and the supply of hydrogen. The
potential demand for hydrogen of a combined hedt@ower plant would have a continuous
load charge curve, as presented in MEEDDM (2010¢ 3tudy case considers transactions
on the spot gas market, where the supply is disnomiis and driven by the price only, with
no commitment contractually fixed in advance asréduelling stations.

The costs and revenues structure of the hybrid Awyttogen plant in the scenario
SCE_PowerGamdicates the high share of the investment costh@atrevenue side, the wind
revenues are the highest. Investing in a hydrodgmt po avoid the power curtailment has a
high cost, with relative low incomes while the hygen-to-power is sold at a relative low
power market price.

The graph below shows the energy trade-off betwieemwind power supplied to the TSO
(Transmission System Operator) and the wind powed dor the hydrogen production. When
the power grid limit of 450 MW is not attained dugithe hydrogen production, this means
that the wind power could have been supplied topiheer market. Yet, due to low power
prices, it is more economically interesting to proel hydrogen during those hours; or, due to
a fixed fuel demand constraint, the system musdyce hydrogen to can supply the refuelling
stations.

Graph 4. Wind and hydrogen energy flows during dane
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The hourly operation of the wind-hydrogen hybridml during one day in the next graph
illustrates the wind power generation, the hydrogerduction and the gas compression at
different pressure levels. The decision for thegesaf the hydrogen is driven by the market
prices of different energy product and also by teehnical constraint, such as the
compression capacity or the limit of the storagesa Fixed demands for refuelling the cars
and boats stations can add to the decision ofitliaedg for hydrogen production. Continuous
production of hydrogen could be an advantage tdgeogen system from technology usage
point of view, since it would avoid too frequenarstup and shut-down operations, which
would add fatigue and stress to the system andrialatéGahleitner, 2013).

Graph 5. The operation of the hydrogen plant duoing day
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For the fuel cell usage for instance, the operatiorng one day shows the discontinuous
way of supplying power from hydrogen fuel cell teetgrid, since it is price responsive and
has no constraint of firm capacity. This is alscewese the region of the case study, around
Saint-Nazaire, is not a remote area, but is coedet the rest of the national system. The
graph shows also that the hydrogen operator woaNe la discontinuous activity and suggests
that he should diversify the usage of hydrogen bynd@ti-product energy supply. The
intermittent use of the fuel cell puts in this caspressure on the system and could reduce by
half its technical lifetime (Menanteau et al., 2R10
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Graph 6. Power supply from hydrogen fuel cell &snetion of the market price

H2 plant operation during one day
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The intermittency of the wind power makes the hgero production intermittent as well.
Hence, the flexibility of gas and power spot mag&gments gives the system the freedom to
make the trade-off between favorable periods tadgpee and supply the hydrogen. Firm
contracts with refueling stations instead constith@ periods of hydrogen production and
storage, but ensure on the other hand the seair#iglling the hydrogen at a given price. This
could give more visibility to investors to the egyermarket volumes and the expected
profitability of the project. This allows also sig the system components in connection with
the expected market volume. Yet, in both cases) &nd flexible contracts, the uncertainty
holds on the wind power profile; if the wind doest llow as expected, power withdrawal
from the local grid would be necessary, which wolader the profits given the electricity
cost incurred.

4.3. Sensitivity tests

The model is highly sensitive to the input valuespecially the prices of hydrogen
substitutes, such as power, gas and oil; and tesiment costs assumed for each project
component, as well. Alternative scenarios to oitgitrends are found in different roadmaps
used by the policy makers (EIA, 2013). The figusdoly illustrates three potential oil price
evolutions in the future according to three scargidiow, medium and high.

Graph 6. Qil price paths during 1990-2040 ($201tédp
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The study case assumes four scenarios of theioé prolution, one documented by the
EC (2013), and the three others by the EIA (20a8y, assumes a zero probability for the low
scenario to occur and an equal probability forttiree others. For the gas and power prices, it
is assumed an equal evolution as for the oil pridee values of the NPV indicators are
reported in the table below together with the NRyeztation.

Table 6. The evolution of energy prices

Scelow
SceMedium
SceHigh
SceBase

100
100

100
100

Oil Price 201:0il Price 2030 Variation

130
180
120

Proba Sce

-40% 0%
30% 33%
80% 33%
20% 33%

The results of sensitivity scenarios show thatcalées record negative values of the
expected NPV, as a combination of each scenariitadsdity and probability to occur in the
future. One single case taken individually woulctorel a positive NPV, the scenario
Hydrogen-to-gas, for an increase of the fuel poc80% from the current level.

Table 7. Results on the NPV expectation

NPV Expected
Scenario NPV,
Base Medium High €/MWh
Mix usage H2-to-X -125 -124.9 -8 -111
H2 only -352 -306 -352 -337
. H2-to-Power -109 -104 -68 -95
ap;'izgfon H2-to-Gas -34 3 12 19
H2-to-Fuel -64 -64 -1 -48
H2-to-Gas,
Two H2-to-Power -104 -104 -61 -90
applications | H2-to-Gas,
H2-to-Fuel -57 -57 -10 42

4.4. Policy implications
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The system impacts of the hybrid wind-hydrogenesysare evaluated at four levels of the
stakeholders involved in the project:

- The wind power operator has a lower profitability when it invests in hydem
production as compared to the case where it ogeadtee, excepting the case where it would
generate hydrogen for the natural gas network. dd$nlthe regulation would oblige
intermittent energies to balance their intermitieby means of storage, there would be no
economic incentive to invest in such a capitalnetee project in this study case. In France,
the provision of firm capacity and ancillary seesds not mandatory, neither for wind power
plants nor for other generators. In the futures mrangement could change with the current
contraction of the current over-capacity and tleedase in wind power penetration.

The regulation of intermittent renewable energymgoing and has as starting point the
experience gained in islands, such as Corsica aedniBn Island. The Ministry of
Environment launched in 2009 a call for tender ghotovoltaic energy systems under the
constraint for generators to control the intermitte of their power flows in the French
islands(MEEDD, 2011) To that the endowment of PV generators with g@raystems is
mandatory in order to stabilize the frequency o 8ystem. A similar context could be
designed in the metropolitan France where conssraiould be set on the generators to limit
their power fluctuations.

Using other large-scale technologies than hydraggerage medium, such as compressed
air or pumped hydro storage, would limit the enevggtors to Power-to-Power applications
and would exclude the applications to mobility andjas. Therefore, other economic models
for wind and storage would be necessary (Loisal.e2010, 2011).

- The Transmission System Operatobeneficiates from the hybrid system operation,
with more reliable output and the potential to haeontinuous power if required. The
integration of the wind power excess in form of tdZsower makes increasing the use of the
grid line and ensures a better use of the gridtas3ée transmission line capacity factor
increases from 54% to 67%.

- The society overallbeneficiates from the support brought by the hydnoglant to the
wind energy integration and from the substituti@iween gas and oil with clean hydrogen.
The wind power curtailment has been reduced sanfly which would further substitute to
other forms of energy in the French energy mix.tlinroad and sea transportation side, other
benefits than carbon-emission free traffic wouldufe such as local pollution and noise
removal. If the carbon market still does not fulhgernalize the carbon value in 2030, the
clean hydrogen value will continue to remain highlyderestimated on the energy market,
despite its social benefits.

- The industry involved in all chains of the hydrogen productiordastorage needs a
clear vision of the hydrogen market developmenepioal. This implies from the regulation
side the harmonization of standards of security rgneegions and countries for operating
hydrogen plants, and the building of the infrastmee such as hydrogen pipelines and
distribution stations for cars and ships. The congmbs which have been optimized in this
study to match the size of the wind power clusteG{V as a reminder) are not yet available
on the market at this large scale; all the exishiyigrid pilot plants have installed capacities of
kWs orders of magnitude. Creating large-scale carapts would take years of R,D&D for
the applications to become available and maturthemmarket. Therefore, signals should be
created well in advance to ensure the emergenicgdnbgen technologies.
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Policy makers’ involvement is crucial at this stdge the development of the hydrogen
economy. This can take the form of supply-push dachand-pull policies. Supply push
policies could stimulate innovation by supportimgearch and development activities. R&D
funds, public-private partnerships, cost-sharingestes and hydrogen infrastructure building
are some of the supporting policies which would aerde the large-scale deployment of
hydrogen. Demand pull policies can send marketadsgio investors that the potential for the
hydrogen demand is high. It should be noted thaFrance, there is an exemption from
energy taxes of the hydrogen use (Bleischwitz aade 2010). By contrast, other countries,
Germany, Austria, Netherlands, apply taxes on hyeinowhen it is used as motor fuel.
Ultimately, carbon taxation together with long-teemvironmental objectives would be the
strongest signal which would guide the investor®wm-carbon technologies, clean hydrogen
included.

5. Concluding remarks

This research has investigated the project investimto a hybrid wind-hydrogen plant
located in the French region Pays de la Loire. iylerid scheme is based on cost-benefit
sharing, where hydrogen is produced with zero edsd power infeed. Several energy
applications of the hydrogen are tested, such agpto-power, power-to-gas and power-to-
mobility. This paper has built realistic scenarios the demand for hydrogen and the
hydrogen production and storage cost projectionghfe year 2030. An optimization model
has been built to optimize the design and the deraf the wind-hydrogen plant.

Main results show negative profits for all energgrsgarios due to high investment costs in
both wind energy and hydrogen production infragtmeewhich remains expensive related to
the low energy prices of power, oil and gas. Thedpction cost of hydrogen is of 4.2 €/kg
H2 in the most economically interesting case (Hgeroto-gas) and is up to 47 €/kg H2 in
the scenario of an isolated hydrogen plant.

The main conclusion for the design of the projecthat combining too many usages
needing each a different infrastructure could cwateullosses on the market. As for the
contractual forms of the usages, the intermittentythe wind power and the hydrogen
production makes the hybrid system to favor opgmpluto spot markets such as gas and
power markets. For the fixed supply of fuel to edilng stations, other factors, regulatory and
policy oriented, would trigger the investment inclsuexpensive project. Oil prices should
more than double to make the hydrogen productiorage-distribution an interesting
economic option.

The wind power curtailment could be totally reduceowever, valuating the wind power
excess would have a high investment cost relatethéolow market value. Yet, to the
hydrogen market value one should add the socialsgstém value that beneficiates to the
various stakeholders. These benefits are the sufptie wind power integration, increased
reliability to the grid power, improved quality tife power supply, clean fuel for road and sea
transportation and increased energy independencgdugcing oil and gas consumption.

At a national scale, the main policy recommendatiare towards helping consumers and
industries selecting carbon-free technologies byamaeof carbon taxation and ambitious
targets set for the long term. Regionally, poliapgort could make industrials and consumers
familiar with the technology and the hydrogen umed could further involve in the R&D
activities. With the decentralization of the energgoduction, a strong commitment of
regional policy makers is essential to the develepnof hydrogen infrastructure. This would
give confidence on the investments possibilitiesd aoould guide the equipment
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manufacturers, energy operators and car and slgpgtakeholders where hydrogen
technology could find fertile ground.

Building the necessary infrastructure to producagport, store and deliver the hydrogen
requires first of all licenses and operating pesmthis is why the authorities should be
involved at the earliest stage of the process. rélevant authorities is the region Pays de la
Loire are working together with scientists, fishimglustrials and shipping manufacturers in
order to accelerate the development of the fisnegsel of the future, hydrogen fuel cell
driven.” Regional concern to set basis for hydrogen aloitly marine energies in Pays de la
Loire and the initiatives undertaken by the regiavisssion Hydrogéneshow that the policy
makers have already committed in creating prosgectBydrogen and a sustainable power
system in the region.
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Annex 1. The methodology used for wind power dataotlection

Several constraints are taken into account whematihg the electricity output of the
offshore power cluster. The power actually captusgdhe turbines is lower than the total
energy available in the wind. This is a physical known as the Betz limit which states that
only a maximum of 59.26% of the kinetic energy barextracted from the wind regardless of
turbine design. Kinetic energy is converted intochamnical energy by the gearbox and then
into electrical energy by the generator. The préidadunction is hence given by:

P=0,5Gp A V3 where Gis the average efficiency of each turbipeis the average air
density (1, 23 kg/), A is the rotor swept area (17869)rand v is the wind speed.

It is considered that no electricity is producedviond speeds lower than 2, 77 m/s and the
production function is applied for & (2,77-11,22). Technical documentation provided by
Alstom suggests that thealiade™ 150-6MWturbines reach full power at wind speeds of 13
m/s. However, due to incomplete data, a rated wpeked of 11, 22 m/s is calculated. It is
considered that the machines are at their fulldrgiwver for wind speeds up to 25 m/s. The
turbines are stopped for security reasons for spekds higher than 25 m/s. This study finds
a net capacity factor of 35, 23% and a total prtidacof 127, 72 ktep for an installed
capacity of 480 MW.

Annex 2. The equations of the model
Objective Function : Max Profits = Revenues — Costs
price_elecy oy X (Windpower hour TH Z_to_powerhour) +

8760 price_reserve X H2reservep,,, +
K _price X K_reserved +

Revenues = .
he price_gas X H2_to_gaspour +
price_oil X H2_to_mobilityy
Costs = Y8760 price_elecyy, X Withdrawaly,,, + VOM

Wind_Productionyy,, + Wind_to_H2y,,, < Wind_Profilepyy,
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Wind_Productiony,,, + H2_to_poweryy,, + H2reserveyy,, + Withdrawalyy,, < grid_line
H2_Prodrotatyy,, = H2_from Withdrawalpe,, + Negative reservepgy,

+ H2_from_Windpy,
H2_Prodrotaty,,,, < Capacity_electrolyser
H2_from Windpey, = Wind_to_H2peyy X ef ficiencYeiectrotyser
H2_from_Withdrawalyy,, = Withdrawaly,, X ef ficiencYeiectrotyser
H2 Prodrotalngyr — H2_to_gasnetworkyy,, + H2_to_Cmpressor200y,,,,

+ H2_to_Compressor700y,,,
H2_compressed200y,4y = H2_to_Cmpressor200p,,, X ef ficiencycompressor200
H2_compressed700,4y = H2_to_Cmpressor700p,,, X ef ficiencycompressor700
StorageH2_200bar sy,

= StorageH2_200barspyyr—1 + H2_compressed200y,,,,

— (H2_to_powerygyy + H2reservep ) + ef ficiencyryeicen
StorageH2_700bar sy

= StorageH2_700barspyyr—1 + H2_compressed700y,,,

— (H2_to_roadpgyy + H2_to_shippingpey,) + ef ficiencYgestorage
8760 8760

z H2_compressed200y,,,, = z (H2_to_poweryyy + H2reserveyoyy)

hour=1 hour=1

Z%fg:l H2_compressed700y,,,, = Zﬁszl(H 2_to_roadpyy, + H2_to_shippingnour)

8760

H2_ProdTomlhour

hour=1
8760

= Z (H2_to_gasnetworkpy,, + H2_to_powery,» + H2reservey .,
hour=1

+ H2_to_roadpy,, + H2_to_shippingnour)
H2_to_gasnetworkpgy, < Capacitypipeiine
H2_to_shippingpoyr = ShipFuel_Demandp,

H2_to_roady,,, = RoadFuel_Demandy,,,,
8760

z H2reservey , < 5% X positivereserve_nationalDemand

hour=1
8760

Negative_reservepy,, < 5% X negativereserve_nationalDemand

hour=1
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